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PERFORMANCE EVALUATION METHOD, 
PERFORMANCE EVALUATION SYSTEM, 

AND INFORMATION STORAGE APPARATUS 
USING SAME 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is related to U.S. application Ser. No. 
08/529,400, filed on Sep. 18, 1995, now U.S. Pat. No. 
6,046,873, the content of which is incorporated herein by 
reference in its entirety. 

This application is related to U.S. application Ser. No. 
09/406,920, filed Sep. 28, 1999, now U.S. Pat. No. 6,493 
165, the content of which is incorporated herein by reference 
in its entirety. 

BACKGROUND OF THE INVENTION 

The present invention relates to a performance evaluation 
System and a performance evaluation method which can 
accurately estimate an event Sector error rate after error 
correction in a performance evaluation for a high perfor 
mance channel that contains a parity code, an MTR 
(Maximum Transition Recording) code, and So on, and an 
information Storage apparatus using Same. 

FIG. 10 shows a graph which evaluates the dependency of 
an event error rate on the number of errors within one Sector 
(512 bytes) in data Sectors using a read/write channel code 
which has been developed for recent harddisk drives. Three 
types of codes (codes 1-3) are used in the evaluation. While 
any of the codes exhibits a reduced event error rate as the 
number of errors increases, the degree of reduction differs 
from one code to another. Also, although not shown, the 
three codes differ in the event error frequency (generally 
corresponding to BER (byte error rate), later described) of 
1-2 bytes, which exhibits the highest error frequency. 
The BER is evaluated by multiplying the event error rate 

by the number of errors at each number of errors and 
Summing the resulting products, i.e., by integrating a curve 
representing the error number dependency as shown in FIG. 
10. As the Sum is Smaller, the BER is evaluated as better. For 
calculating this value for each code, (3E-03x1+4E-03x2)/ 
512=3E-05 for the code 1 (the division by 512 is performed 
to find the number of errors in one sector (512 bytes)). 
Similarly, (3E-02x1+4E-02x2)/512=2E-04 for the code 2, 
and (3E-02x1+1E-02x2)/512=1E-04 for the code 3. The 
results demonstrate the code 1 as the best code in terms of 
BER. However, the code 3 is the best in evaluation of EER 
(Event Error Rate) when the number of errors per sector 
exceeds 3 bytes. 

Since actual harddisk drives comprise respective error 
correcting circuits (ECC) behind a R/W channel, the criteria 
of Selecting the best code may vary depending on the 
correction capabilities of particular ECCs. Generally, it is 
estimated that the code 1 is more effective when an 
employed ECC has a poor correction capability, while the 
code 3 is effective when an employed ECC has a high 
correction capability. More specifically, however, it is 
thought that Since errors can appear in a number of different 
manners in one Sector, even the same number of errors may 
not be corrected occasionally by a particular EEC depending 
on how the errors appear in a Sector. 

With the ECC, NRZ read data is interleaved to limit the 
data length per interleave within 255 bytes. The number of 
interleaves for the ECC currently applied to harddisk drives 
is generally three or four, So that the number of hardware 
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2 
correctable bytes per interleave is approximately four or 
five. If the number of hardware correctable bytes per inter 
leave is exceeded in any of interleaves, a retry (re-read 
operation) occurs due to the inability of hardware correction. 
A retry results in an inevitable loSS of time required to rotate 
a magnetic disk once and accordingly lower performance of 
the drive. 

FIGS. 11A to 11C show examples of error generation 
patterns when Seven bytes of errors occur in a three 
interleave Scheme. When errors are Successive in NRZ read 
data as shown in FIG. 11A, all the errors will not concentrate 
in a Single interleave. However, when errors occur at a 
plurality of separate positions as shown in FIGS. 11B and 
11C, the errors are Susceptible to concentration in a data 
interleave 1 (DI-1). When errors occur highly frequently as 
shown in FIG. 11C, an ECC is required to have the error 
correction capability of 7 bytes per interleave. 

SUMMARY OF THE INVENTION 

It will be appreciated from the foregoing discussion that 
the conventional evaluation based on BER or the number of 
errors in one Sector cannot provide the most effective code 
after an ECC or a detailed configuration of the ECC (a 
required number of bytes corrected thereby, the number of 
interleaves, and So on). For this reason, the conventional 
performance evaluation including the configuration of the 
ECC cannot but relying on a System level evaluation. 
However, the coding technology has been remarkably 
advanced in recent years together with the development of 
LSI miniaturizing processes, and therefore an erroneous 
determination is likely to be made unless rapid and appro 
priate evaluation is made. 
A recently developed GCR (Group Coded Recording)+ 

parity code or the like, described in “A New Target Response 
with Parity Coding for High Density Magnetic Recording 
Channels, IEEE TRANSACTION ON MAGNETICS, vol. 
34, No. 4, July 1998 does improve the BER because of the 
correction capability possessed by the code itself, but has a 
concern for the influence on the ECC due to possible 
erroneous corrections. On the other hand, an MTR 
(Maximum Transition Recording) code or the like described 
in “Maximum Transition Run Codes for Data Storage 
Systems," IEEE TRANSACTION ON MAGNETICS, Vol. 
32, No. 5, September 1996, defines the number of maximum 
Successive magnetization. The MTR code, although provid 
ing little improvement on BER, is characterized by its 
immunity to the influence of disk noise and So on and leSS 
Susceptibility to long errors because the number of Succes 
Sive magnetization is defined. Other than the foregoing, the 
development of new codes has been rapidly advanced, Such 
as applications of a turbo code, which has been brought into 
practice in the field of communications, and So on. Thus, 
rapid evaluation on the performance of Systems with Such 
new codes, including the effect of the ECC, has become 
extremely important for the development of Systems. 
To achieve the above object, the present invention pro 

vides a performance evaluation method for use in data 
processing after decoding of data, comprising the Steps of 
setting the number of interleaves (Ni), and a threshold (Th) 
for the number of errors per interleave, interleaving detected 
errors, counting the interleaved errors in a data Sector for 
each interleave, and counting the number of times the 
counted number of interleaved errors exceeds the threshold 
in each data Sector. 
The present invention also provides a performance evalu 

ation System which comprises error detecting means for 
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comparing user data Stored in a memory with read data 
outputted from a read/write channel to detect errors, error 
interleaving means for interleaving errorS detected by the 
error detecting means, first counting means for counting the 
errors, and Second counting means for counting the number 
of times a counted value on the first counting means exceeds 
a set threshold. 

The present invention further provides an information 
Storage apparatus which has an information Storage medium, 
a head for reading/writing information from/on the infor 
mation Storage medium, an actuator for moving the head 
over the information Storage medium, amplifying means for 
amplifying a read waveform read by the head, and Signal 
processing means for decoding from the read waveform. The 
information Storage apparatus also comprises error detecting 
means for comparing read data outputted from the Signal 
processing unit with user data Stored in a memory to detect 
errors, error interleaving means for interleaving errors 
detected by the error detecting means, first counting means 
for counting errors interleaved by the error interleaving 
means, Setting means for Setting a threshold for the number 
of errors per interleave, and Second counting means for 
counting the number of times a counted value on the first 
counting means exceeds the threshold. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram illustrating the configuration of 
an error analyzer according to an embodiment of the present 
invention; 

FIG. 2 is a graph showing the results of evaluation on each 
code which was made using the error analyzer according to 
the embodiment of the present invention; 

FIG. 3 is a block diagram illustrating the configuration of 
a read/write evaluation System for harddisk drives according 
to another embodiment of the present invention; 

FIG. 4 is a block diagram illustrating an embodiment in 
which the error analyzer is applied to a harddisk drive; 

FIG. 5 is a block diagram illustrating another embodiment 
in which the error analyzer is applied to a harddisk drive; 

FIG. 6 is a block diagram illustrating the configuration of 
a read/write evaluation System for harddisk drives, 

FIG. 7 is a diagram for explaining the operation of the 
read/write evaluation System for harddisk drives, 

FIG. 8 is a block diagram illustrating the Specific con 
figuration of a BER calculator; 

FIG. 9 is a block diagram illustrating an extended con 
figuration of the BER calculator; 

FIG. 10 is a graph showing the results of comparison 
among Several codes which has been made by a conven 
tional error analyzer with respect to the code performance; 
and 

FIGS. 11A to 11C are diagrams illustrating examples of 
error occurring patterns when Seven bytes of errors occur. 

DESCRIPTION OF THE EMBODIMENTS 

FIG. 6 illustrates an exemplary configuration of a read/ 
write evaluation system for harddisk drives. The read/write 
evaluation System comprises a magnetic disk 2 Serving as an 
information Storage medium; a magnetic head 1 for reading/ 
Writing information from/on the magnetic disk 2, an actuator 
3 for moving the magnetic head 1 to a writing position on the 
magnetic disk 2; an R/W IC 4 which is a means attached near 
the actuator 3 for amplifying an analog read waveform read 
by the magnetic head 1; a Spindle motor 4 for rotating the 
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4 
magnetic disk 2; a read/write channel (R/W channel) 31 
Serving as a signaling means for decoding bytes from an 
analog read waveform; and an error analyzer 40 Serving as 
a performance evaluation unit. 
The error analyzer 40 comprises a BER (Byte Error Rate) 

calculator 41; a read/write sequencer (R/W Sequencer) 42, 
and a FPGA (Field Programmable Gate Array) having a 
write data generator (write gen.) 44 as a function. Programs 
for defining functions of the error analyzer 40 are set by a PC 
(personal computer) 50 connected thereto. The actuator 3 is 
controlled by a head position controller 52 through the PC 
53, while the motor 5 is controlled by a motor controller 51 
through the PC 50. 
Now, an overview will be given to the configuration and 

operation of the BER calculator 41. 
As illustrated in FIG. 7, the read/write channel 31 outputs 

read data (NRZ read data) 103, a clock (RCLK) 102 
synchronized with the read data (NRZ read data) 103, and 
SBD (Sync Byte Detect) 101 indicative of the head of user 
data. 

FIG. 8 illustrates the specific configuration of the BER 
calculator 41. In the BER calculator 41, a byte comparator 
109 compares written user data with data stored in a data 
RAM 108, and forces a counter 107 in an error count block 
105-1 to count up when a match does not result. 
Simultaneously, the number of SBD 101 is counted by a 
SBD counter 107. 

ASSuming that a counted value on the error count block 
105-1 is N1, a counted value on the SBD counter 107 is N 
sbd, and the number of data bytes per data sector is N bytes, 
the byte error rate (BER) is calculated as follows: 

BER=N1/(NisbdxN bytes) 

FIG. 9 illustrates an extended version of the BER calcu 
lator 41. Generally, the illustrated calculator counts the 
number of Sectors which have the number of errors exceed 
ing a threshold set by a setting means (not shown). 
Specifically, in FIG. 9, a counted value N1 on an error count 
block 105-1 is compared with an error threshold 130 by an 
error compare block 112-1 including a comparator 115 as 
compare means at a falling edge of the SBD 101. When the 
number of errorS N1 measured in a data Sector exceeds the 
error threshold 130, the error count block 105-2 counts up, 
and a counter 107 in the previous error count block 105-1 is 
reset at a rising edge of the SBD 101. 
ASSuming that the counted value on the error count block 

105-2 is N2 and a counted value on the SBD counter 107 is 
Nsbd, an event error rate (Event Error Rate: EER) of a 
Sector having the number of errors exceeding the error 
threshold 130 is calculated by: 

By the use of this function, it is possible to evaluate the 
dependency of the error rate in a data Sector on the number 
of errors in the data Sector. 

FIG. 1 illustrates the configuration of an error analyzer 40 
to which the present invention is applied. AS previously 
explained with reference to FIG. 7, a read/write channel 31 
outputs read data 103, a clock (RCLK) 102 synchronized 
with the read data 103, and SBD (Sync Byte Detect) 101 
indicative of the head of user data. In a byte compare block 
104 of a BER calculator 41, a comparator 109 which serves 
as error detecting means compares data from a data RAM 
108, which is a memory for storing written user data, with 
read data 103 to detect error bytes. 
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Detected errors are classified into errors for each inter 
leave by Nistep Ring OSC 113 and an AND gate 114, which 
Serve as a distributing means in an error interleave means 
(error interleave block) 110, and a subsequent counter 107 (a 
first counter) in an error count block 105-4 is forced to count 
up. Here, Nicorresponds to the number of interleaves for an 
ECC which has been set by a setting means (not shown). 
Also, the counter 107 in the error count block 105-4 is reset 
at a rising edge of the SBD 101. 

Further, in a Subsequent ECC estimator 43, comparators 
115 in the error compare block 112-2 compare counted 
values (N1-1-N1-ni) associated with respective interleaves 
with an interleave error threshold 131 at the time the SBD 
101 is closed, and a logical OR gate 116 detects whether or 
not any interleave presents a counted value (N1-1-N1-ni) 
exceeding the interleave error threshold 131. Then, the 
detection result is used to count up a counter 107 (a second 
counter) in an error count block 105-5. Simultaneously with 
these operations, an SBD counter 107 also counts the 
number of SBD 101. 
ASSuming that a counted value on the error count block 

105-5 in the ECC estimator 43 is N3, and a counted value 
on the SBD counter 107 is Nsbd, an interleaved event error 
rate (IEER) exceeding the interleave error threshold 131 is 
calculated by: 

This IEER corresponds to the frequency of retries for the 
number of read sectors with an estimated ECC. 

Thus, by evaluating IEER, it is possible to determine an 
optimal number of interleaves for an ECC to be applied, and 
the number of correction bytes per interleave before apply 
ing the ECC to make evaluation in an actual System or the 
like. 

It should be noted that if the counted values N1-1-N1-ni 
on the counters 107 in the BER calculator 41 are accumu 
lated by another counter before they are reset at a rising edge 
of the SBD 101, BER (byte error rate) can be simultaneously 
evaluated. Also, if the number of interleaves Ni is set to one, 
the number of errors in one Sector can be evaluated as has 
been done in the conventional evaluation. 

In the configuration of this embodiment, three types of 
codes having characteristics as shown in FIG. 10 were 
evaluated in the three-interleave Scheme. The results of the 
evaluation are shown in FIG. 2. The horizontal axis, unlike 
FIG. 10, represents the number of errors per interleave, 
while the vertical axis represents the event error rate of a 
sector similarly to FIG. 10. 
Among the respective evaluated codes, the rate of a 

decrease in the event error rate to an increase in the number 
of errors (the degree of slope of the lines) is two figures or 
leSS per byte for the code 1 and code 2, and two figures or 
more per byte for the code 3. Also, for the number of errors 
equal to or more than three bytes, the code 3 exhibits the 
lowest event error rate (although FIG. 2 does not show the 
event error rate for the code 3 at the number of errors equal 
to four, the rate decreases by two figures or more, and 
therefore the code 3 will present a value Smaller than that of 
the code 1 when the number of errors is four). In other 
words, it is understood that when the number of bytes (the 
number of errors) corrected by an applied ECC per inter 
leave is three or more, the selection of the code 3 will result 
in a minimum error frequency after the ECC. 

Thus, the code 3 and an ECC which is expected to have 
the correction capability equal to or higher than three bytes 
per interleave may be employed for applying to a harddisk 
drive. Though not shown herein, the employment of an 
appropriate ECC may be considered by varying the number 
of interleaves, in which case a combination of the number of 
interleaves and an ECC length, which requires the least 
amount of added data, may be Selected as the ECC. 
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6 
FIG. 3 illustrates an embodiment in which the present 

invention is applied to a read/write evaluation System for a 
harddisk drive. The read/write evaluation System comprises 
a magnetic disk 2, a magnetic head 1; an actuator 3; an R/W 
IC 4 attached near the actuator 3; a spindle motor 5; a 
read/write channel (R/W channel) 31; an error analyzer 40 
comprised of FPGA (Field Programmable Gate Array). 
Here, the error analyzer 40 comprises a BER (Byte Error 
Rate) calculator 41; a read/write Sequencer (R/W sequencer) 
42; an ECC estimator 43 as shown in the first embodiment; 
and a write data generator (Write gen.) 44. Programs for 
defining functions of the error analyzer 40 are set by a PC 
(personal computer) 50 connected thereto. The actuator 3 is 
controlled by a head position controller 52 through the PC 
50, while the motor 5 is controlled by a motor controller 51 
through the PC 50. 

According to this embodiment, the evaluation provided 
by the read/write evaluation System can be relied on to 
determine which functions an appropriate ECC should have 
for a replacement of the magnetic head 1 and/or a magnetic 
disk 2, or for a change in the R/W channel 31, or how high 
the retry frequency will reach when a certain ECC function 
is Specified, and So on. In addition, the read/write evaluation 
System can readily evaluate characteristics indicating a 
reduced error rate (bucket curve, off-track margin, etc.) 
when the magnetic head 1 is offset in the track width 
direction. 

FIG. 4 illustrate an embodiment in which the error ana 
lyzer 40 is applied to a harddisk drive (HDD) 100. The HDD 
100 comprises a head assembly (HDA) 200 including a 
magnetic disk 2, a magnetic head 1, an actuator 3, an R/W 
IC 4 mounted on the actuator 3, a spindle motor 5 and so on; 
and a package board (PCB) 300 including a read/write 
channel 31, a harddisk controller chip (HDC) 32, a servo 
decoder 33, a microprocessor (MP) 34, a ROM 36, a RAM 
37, and so on. The error analyzer 40 is connected between 
the R/W channel 31 and the HDC32. The error analyzer 40 
controls the R/W channel and the R/W IC related to read/ 
write of data, while a Servo-related control is performed 
using associated functions of the HDD 100. The configura 
tion of the error analyzer 40 is identical to that of the first 
embodiment illustrated in FIG. 1. 

According to this embodiment, even if the HDC 32 has 
any functional failure, an ECC operation in the HDC 32 can 
be simulated on the actual HDD 100 to evaluate the error 
rate. 

Also, the evaluation result provided by the error analyzer 
40 may be compared with the result of evaluation on the 
HDC 32 in operation to predict the presence or absence of 
any functional failure at sites within the HDC 32 including 
the ECC, and the effect expected by changing the HDC 
(ECC). 

Further, effective improvements resulting from a new 
magnetic head 1 and/or magnetic disk 2 Scheduled for 
implementation in the next apparatus or HDD can be evalu 
ated using a mechanical System and a circuit System of the 
former HDD in which the magnetic head 1 and/or magnetic 
disk 2 are replaced, as they are, without relying on an 
expensive read/write evaluation System. This can also pro 
mote the development of Systems. 

FIG. 5 illustrates an embodiment in which the error 
analyzer 40 is applied to the HDD 100. This embodiment 
differs from that of FIG. 4 in that a R/W channel 39 related 
to data read/write is additionally provided external to the 
HDD 100. The configuration of the error analyzer 40 is 
identical to that of the first embodiment illustrated in FIG. 1. 
A Servo-related control is performed using associated func 
tions of the HDD 100. 

According to this embodiment, in addition to the effect 
provided by the embodiment of FIG. 4, the effect resulting 
from a change in the R/W channel 39 can be confirmed, so 
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that the evaluation on function and performance for a code 
of the R/W channel 39 and so on can be readily accom 
plished in combination of the error analyzer 40 which 
simulates ECC functions. 

It should be noted that the error analyzer 40 according to 
the present invention may be incorporated in the R/W 
channel 31 of the actual HDD 100. In this case, although a 
large circuit scale of the data RAM 108 in the BER calcu 
lator 41 illustrated in FIG. 1 is an impediment to the 
incorporation, the error analyzer 40 can be implemented 
even with a less capacity of data RAM in combination with 
a data Scramble function in the R/W channel 31. 
While the foregoing embodiments have been described 

for error detection in units of bytes, the error detection can 
be readily implemented likewise in units of words. 

Further, while the foregoing embodiments have been 
described in connection with harddisk drives, it is apparent 
that the present invention can be applied to different types of 
information Storage apparatus using a magneto-optical disk, 
an optical disk or the like. 
What is claimed is: 
1. A performance evaluation method for use in data 

processing with error correction code after decoding of data, 
comprising the Steps of: 

Setting two or more interleaves in read data of one Sector, 
and Setting a number of errors per each of Said inter 
leaves; 

interleaving detected errors, 
counting errors per each of Said interleaves in Said read 

data of one Sector; and 
counting a number of instances in which the counted 

errors per each of Said interleaves exceeds Said Set 
number of errors per each of Said interleaves in Said 
read data of one Sector. 

2. A performance evaluation System comprising: 
an error detector circuit for comparing user data Stored in 

a memory with read data accompanied with an error 
correction code output from a read/write channel to 
detect errors, 

an error interleaver for interleaving errorS detected by Said 
error detector circuit in two or more interleaves; 

a first counter for counting Said errors per each of Said 
interleaves, and 

a Second counter for counting a number of instances in 
which the counted errors per each of Said interleaves 
exceeds a predetermined threshold number. 

3. A performance evaluation System according to claim 2, 
further comprising: 

a memory for Storing Said user data; 
a distribution circuit for distributing errors detected by 

Said error detector circuit into respective interleaves; 
and 

a Setting circuit for Setting Said threshold number per each 
of Said interleaves, 

wherein said error interleaver interleaves errors distrib 
uted by said distribution circuit, 

wherein Said first counter counts errors interleaved by Said 
error interleaver in a Sector of Said read data of one 
Sector, and 

wherein Said Second counter counts a number of instances 
in which the counted errors per each of Said interleaves 
exceeds Said threshold number for each of Said read 
data of one Sector. 

4. A performance evaluation System comprising: 
an error detector circuit for comparing user data Stored in 

a memory with read data output from a read/write 
channel to detect errors, 
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8 
an error interleaver for interleaving errorS detected by Said 

error detector circuit; 
a first counter for counting Said errors, 
a Second counter for counting the number of times a 

counted value on Said first counter exceeds a threshold 
number, and 

a third counter for counting a Sync byte detect indicative 
of the head of Said user data, 

wherein the counted value on Said Second counter is 
divided by a counted value on said third counter to find 
an interleaved event error rate. 

5. A performance evaluation System comprising: 
an error detector circuit for comparing user data Stored in 

a memory with read data output from a read/write 
channel to detect errors, 

an error interleaver for interleaving errorS detected by Said 
error detector circuit; 

a first counter for counting Said errors, 
a Second counter for counting the number of times a 

counted value on Said first counter exceeds a threshold 
number; 

a memory for Storing Said user data; 
a distribution circuit for distributing errors detected by 

Said error detector circuit into respective interleaves; 
a Setting circuit for Setting Said threshold for the number 

of errors per interleave, 
wherein said error interleaver interleaves errors distrib 

uted by said distribution circuit, 
wherein Said first counter counts the errors interleaved by 

Said error interleaver in a Sector of Said read data for 
each interleave, 

wherein Said Second counter counts an output value of 
Said first counter exceeding Said threshold number for 
each read data Sector; and 

a third counter for counting a Sync byte detect indicative 
of the head of Said user data, 

wherein the counted value on Said Second counter is 
divided by a counted value on said third counter to find 
an interleaved event error rate. 

6. An information Storage apparatus comprising: 
an information Storage medium; 
a head for reading/writing information from/on Said infor 

mation Storage medium; 
an actuator for moving Said head over Said information 

Storage medium; 
an amplifier for amplifying a read waveform read by Said 

head; 
a signal processing unit for decoding with error correction 

code from Said read waveform; 
an error detector for comparing read data outputted from 

Said Signal processing unit with user data Stored in a 
memory to detect errors, 

an error interleaver for interleaving errorS detected by Said 
error detector in two or more interleaves; 

a first counter for counting errors per each of Said inter 
leaves; 

a Setting circuit for Setting a threshold number per each of 
Said interleaves, and 

a Second counter for counting a number of instances in 
which the counted errors per each of Said interleaves 
exceeds Said threshold number. 


